Objective: To characterize cardiac structure and function and cardiac autonomic control in patients with subclinical and overt hyperthyroidism. Design: Thirty patients with subclinical hyperthyroidism and 30 with overt disease were selected from patients never previously treated for endocrinological disease in the outpatient clinic of our institution. Twenty normal individuals were studied as control group. Methods: Left ventricular structure and function and cardiac autonomic control were evaluated, respectively, by two-dimensional Doppler echocardiography and by 24-h Holter recording with heart rate variability analysis. Results: Patients with overt hyperthyroidism showed greater values of left ventricular end-diastolic volume P , 0X05 and left ventricular mass P , 0X05 than patients with subclinical disease. In addition, the mean velocity of left ventricular ®bre shortening P , 0X05 and left ventricular ejection fraction P , 0X05 were greater in patients with overt hyperthyroidism than in patients with subclinical disease. No difference in any of these parameters was detectable between normal subjects and patients with subclinical disease. The isovolumic relaxation period was shorter in patients with subclinical hyperthyroidism than in control individuals P , 0X05 and in patients with overt hyperthyroidism P , 0X05. As regards cardiac autonomic control, all time and frequency domain measures decreased progressively from control individuals to patients with subclinical hyperthyroidism and those with overt disease P , 0X001. Conclusions: Thyrotoxic patients show changes in left ventricular structure and increased echocardiographic indexes of myocardial contractility, whereas the only echocardiographic feature detectable in patients with subclinical hyperthyroidism is an increased velocity of left ventricular relaxation. Cardiac parasympathetic withdrawal is evident in patients with overt hyperthyroidism and in patients with subclinical disease.
Introduction
Increased resting heart rate is one of the most common features in hyperthyroidism (1) . Increased intrinsic heart rate (2) and increased sympathetic autonomic activity and reduced parasympathetic tone (3) may contribute to the genesis of sinus tachycardia. The similarities between the clinical manifestations of hyperthyroidism and of adrenergic hyperactivity have stimulated intensive study of the possible interactions between thyroid hormones and the sympathetic nervous system. Cacciatori et al. (4) studied cardiac autonomic function in thyrotoxicosis and found a reduced parasympathetic activity with a hypersympathetic tone in untreated hyperthyroid patients. Differently, it has been suggested that the increase in blood pressure and in cardiac output resulting from thyrotoxicosis may induce a re¯ex vagal activation and sympathetic inhibition (5) . In the present study we utilized two-dimensional Doppler echocardiography and power spectral analysis of the heart rate to characterize cardiovascular haemodynamics and cardiac autonomic control in patients with subclinical hyperthyroidism and in patients with overt hyperthyroidism.
Methods

Study participants
The overall study population included 30 patients with subclinical hyperthyroidism, 30 patients with overt hyperthyroidism and 20 normal individuals. The investigation conformed to the recommendations of the Declaration of Helsinki and the study was approved by the ethics committee of our institution. All participants gave written informed consent before entering the study. The patients were selected from patients never previously treated for endocrinological disease in the outpatient clinic of our institution. Subclinical hyperthyroidism was caused by Graves' disease in six patients, autonomous adenoma in 14 and multinodular goitre in 10 patients. Overt hyperthyroidism was caused by Graves' disease in seven patients, autonomous adenoma in 15 and multinodular goitre in eight. For the purpose of this study, we excluded patients in whom hyperthyroidism was due to an excess of L-thyroxine. Exclusion criteria were any other major disease, ischaemic heart disease, hypertension, diabetes, atrial ®brillation or severe ventricular arrhythmia, and cardiothoracic anatomy not allowing for satisfactory and reproducible echocardiographic recordings.
Measurement of hormones
Thyroid hormones and thyrotropin (TSH) were measured by using an immunoradiometric assay (Radim (Pomezia, Rome, Italy): intra-assay coef®cient of variability 6.6%, normal reference interval 0.3± 3.5 mIU/l). Serum concentrations of free tri-iodothyronine (FT 3 ) and free thyroxine (FT 4 ) were determined by radioimmunoassay (RTA kit, Lisophase kit (Technogenetics, Milan, Italy); intra-assay coef®cient of variability 3.8% for FT 3 and 4.9% for FT 4 ; normal reference interval for FT 3 and FT 4 : 1.6±3.4 pg/ml and 7.1± 18.5 pg/ml, respectively). Subclinical hyperthyroidism was diagnosed by normal serum FT 3 and FT 4 concentrations and decreased serum TSH concentrations (,0.3 mIU/l). Overt hyperthyroidism was diagnosed clinically and con®rmed by high serum free T 4 concentrations with suppressed serum TSH concentrations (,0.1 mIU/l). Clinical characteristics and thyroid hormone serum concentrations of controls and of patients with subclinical and overt hyperthyroidism are reported in Table 1 . Study patients and control subjects underwent echocardiographic examination and 24-h Holter recording on two consecutive days. Holter recording started between 0800 h and 1000 h. After this monitoring was terminated, a complete echocardiographic and Doppler examination was performed.
Echocardiographic and Doppler measurements
Wide-angle, two-dimensional echoes were recorded with a phased-array sector scanner (Sonos 2000, Hewlett-Packard Co., Andover, MA, USA). The left ventricular long axis (L max ,) was measured at enddiastole as the longest major axis in either of the two apical views: four chamber view and two chamber view. The measurements of L max were rounded off to the nearest whole number to ensure reproducibility. Left ventricular end-diastolic area (EDA) was measured using the largest of all the left ventricular minor axes measured. Left ventricular end-diastolic volume (EDV), in millilitres, was calculated according to the singleplane ellipse method as EDV 8a3 (EDA 2 ) / p Â L max (6) . The same measurements were taken at end-systole to calculate end-systolic volume (ESV). Left ventricular ejection fraction (LVEF) was measured using the averages of all the EDV and ESV values. All studies were performed by the same investigator and read independently by two experts unaware of the procedure; their readings of both L max , r 0X97; P , 0X001 and EDA r 0X96; P , 0X001 were closely correlated and their measurements of EDV r 0X97; P , 0X001 and ESV (r 0.95; P , 0.001) were also in excellent correlation. The inter-observer variability of several measurements of volumes over a period of 2 h did not exceed 3.5%.
Left ventricular mass was calculated according to the Penn convention (7) and was corrected for body surface area and expressed in g/m 2 . The left ventricular enddiastolic and end-systolic diameters (LVEDD and LVESD), interventricular septal thickness (IST) and posterior wall thickness (PWT) were measured according the recommendations of the American Society of Echocardiography (8) . The left ventricular percent fractional shortening (%DD) was calculated as (LVEDD2LVESD)/LVEDD. We also calculated the left ventricular ejection time (LVET, in ms) (9), the ratecorrected left ventricular mean velocity of ®bre shortening expressed as circumferences (VCFc, in circ/s) (10) and the isovolumic relaxation period (IRP, in ms) (11) . Recordings of mitral in¯ow velocity were made from an apical four-chamber view. From the Doppler spectral tracing, we calculated the peak velocity of early diastolic rapid in¯ow (peak E, in cm/s), the peak velocity of atrial contraction (peak A, in cm/s) and their ratio (E/A).
Processing 24-h Holter recordings
All 24-h Holter recordings were analysed at the National Research Council cybernetics laboratory as previously described (12, 13) . The two electrocardiographic analog channels were read via a modi®ed Teac-Tascam 234 Syncaset tape deck (Teac Corporation, Tokyo, Japan) and digitized at 330 samples/s. All R±R interval sequences were stored, and each was labeled with a code number identifying its normality or class of abnormality. Premature complexes and their adjacent R±R intervals, used only for timekeeping purposes, were rejected by the software, as were electrical noise and other aberrant electrocardiogram (ECG) signals.
The sequence of normal R±R (N±N) intervals was analysed to compute time and frequency domain measures of heart rate variability (HRV) (14) . 
Time domain measures of HRV
Frequency domain measures of HRV
The 24-h heart rate power spectrum was computed by means of the fast-Fourier transform algorithm, as previously described (12, 13) . The ®nal average spectrum was expressed for each band as milliseconds squared. The bands explored were very-low-frequency power (the energy in heart rate power spectrum between 0.0033 and 0.04 Hz), low-frequency (LF) power (between 0.04 and 0.15 Hz) and high-frequency (HF) power (between 0.15 and 0.40 Hz). The ratio of LF to HF power was calculated from the absolute values of these two components.
Statistical analysis
Statistical analysis was performed using the SPSS statistical package (15) . Categorical variables were expressed as percentage and compared using the x 2 -test. Continuous data were expressed as mean^SD and compared using one-way analysis of variance; if a signi®cant F-value was found, then multiple comparisons were performed with the Bonferroni correction. Finally, to evaluate whether it was possible to differentiate between cardiac parameters of patients with hyperthyroidism caused by autoimmune Graves' disease and those of hyperthyroidism caused by nonimmune autonomous thyroid nodules, we performed a separate subgroup analysis of patients with hyperthyroidism of different origin. Because the distribution of the frequency domain measures of heart rate variability were extremely skewed, the log transformation (ln) of each measure, which produces nearly normal distributions, was applied before statistical analysis was performed.
Results
Echocardiographic data
Echocardiographic data of control individuals and of patients with subclinical and overt hyperthyroidism are reported in Table 2 . As shown, left ventricular enddiastolic volume (LVEDV) and left ventricular mass index (LVMI) were greater in patients with overt hyperthyroidism than in the other two groups. In addition, VCF, rate-corrected VCF (VCFc), and LVEF were greater in patients with overt hyperthyroidism than in controls and in patients with subclinical disease. There was no difference between control subjects and patients with subclinical disease in any of these parameters. As regards IRP, this parameter was lower in those with subclinical or overt hyperthyroidism than in control individuals. Furthermore, it was slightly shorter in subclinical hyperthyroidism than in overt disease. Finally, the E/A ratio was lower in patients with overt hyperthyroidism than in the other two groups, but no difference was detectable between normal individuals and patients with subclinical hyperthyroidism. On subgroup analysis performed separately in patients with subclinical and overt hyperthyroidism, no difference was detectable in echocardiographic data between patients with hyperthyroidism caused by either Graves' disease or autonomous nodules.
HRV analysis of 24-h Holter recordings
Results of heart period variability analysis obtained from 24-h Holter recordings are reported in Table 3 
Discussion
Our study demonstrated that patients with overt hyperthyroidism had increased left ventricular mass and contractility and an unbalanced cardiac autonomic control with parasympathetic withdrawal. The parasympathetic withdrawal was also detectable in patients with subclinical hyperthyroidism but, in this group, cardiac structure and contractility remained normal and the reduction in IRP was the only echocardiographic feature detectable.
Cardiac structure and function
The thyrotoxic state induces profound alterations in the cardiovascular system, including an increase in total blood volume, a decrease in total systemic vascular resistance and shortened circulatory time. These haemodynamic changes cause an increase in cardiac work that leads, in time, to cardiac hypertrophy (16) . Furthermore, thyroid hormones have been demonstrated to regulate genes that encode both structural and regulatory proteins in the heart, with an increase in myocardial contractility (17) . In fact, in the heart thyroid hormones directly alter the expression of alpha-myosin heavy chain, which has greater ATPase activity than betamyosin heavy-chain (18, 19) . In addition, production of the sarcoplasmic reticulum Ca 2+ -ATPase (SERCA2) and phospholamban is regulated by T 3 , acting through changes in gene transcription (17, 20) . The thyroid hormone-induced changes in SERCA2 protein concentrations are inversely related to alteration in the concentrations of the SERCA2 inhibitor protein, phospholamban. On the basis of these observations, it has been suggested that thyroid hormone-mediated changes in the relative ratio of phospholamban to Ca 2+ -ATPase regulate the Ca 2+ uptake rates by the reticulum and the relaxation properties of the myocardium (17) . Release of calcium and its reuptake into the sarcoplasmic reticulum are critical determinants of systolic contractile function and diastolic relaxation, and explain the changes in contractility and the increased diastolic function in patients with hyperthyroidism (21) . Moreover, recently an overexpression of functional ryanodine receptors in the hyperthyroid rabbit heart has been demonstrated (22) . The relative abundance of ryanodine receptors may be responsible for the increase in Ca 2+ released from sarcoplasmic reticulum to trigger muscle contraction, with an increase in myocardial contractility associated with thyroid hormone-induced cardiac hypertrophy (22) . The increased values of LVMI, LVEF and VCFc observed in patients with hyperthyroidism are in agreement with these data. As regards diastolic function, thyroid hormones enhance the diastolic relaxation rate, which contributes to the increase in LVEDV (21) . In our study, patients with hyperthyroidism showed a shortening of IRP that, interestingly, was more evident in patients with subclinical than in those with overt hyperthyroidism. Thus, in hyperthyroid patients with left ventricular hypertrophy, the increased velocity of relaxation may be offset by increased left ventricular stiffness. In addition, the reduction in E/A ratio observed in patients with hyperthyroidism may be a consequence of the increased left ventricular stiffness.
Thyroid hormones and cardiac autonomic control
The results of this study demonstrate a parasympathetic withdrawal in patients with overt hypertyroidism. In fact, HF and LF powers were lower in patients with overt hyperthyroidism than in control individuals. HF power is considered a marker of the modulation of vagal tone by the frequency and depth of ventilation (23, 24) . LF power is a measure of the modulation of vagal and sympathetic tone by barore¯ex activity; however, when evaluated utilizing the fast-Fourier transform of 24-h recordings, it is a greater re¯ection of parasympathetic activity (25) . The ratio of LF power to HF power is considered to re¯ect the sympathovagal balance: high values suggest sympathetic predominance and low values sympathetic withdrawal (14) . Therefore, the greater ratio in patients with clinical hyperthyroidism indicates a parasympathetic withdrawal. The lower values of r-MSSD and of percentage of difference between adiacent R±R intervals .50 ms ± time-domain measures that also re¯ect vagal control ± con®rm this ®nding. Cacciatori et al. (4), utilizing power spectral analysis of heart rate, found a sharp reduction in HF components in hyperthyroid individuals compared with controls, with comparable values of LF components, and thus a high LF/HF ratio. In addition, Maciel et al. (3) found that a marked reduction in the efferent activity of the parasympathetic component was the main mechanism that modi®ed resting heart rate in hyperthyroidism. Differently, Matsukawa et al. (26) found a signi®cative negative correlation between the serum concentration of thyroid hormones and muscle sympathetic nerve activity. Hyperthyroidism increases the number and, potentially, the af®nity of b-adrenergic receptors and also modi®es the intracellular G protein level subunits that activate adenylate cyclase, thus enhancing the transduction potential of agonist binding to adrenergic receptors (27, 28) . The changes in adrenergic responsiveness may represent the primary effects of the abnormal concentrations of thyroid hormones, whereas the reduction in sympathetic out¯ow, as demonstrated by microneurography, may be a functional adaptation to such altered adrenergic responsiveness. In our study population, the aetiology did not in¯uence the structural and functional cardiac features of both subclinical and overt hyperthyroidism. In fact, echocardiographic data and HRV measures were comparable in patients with Graves' disease and those with autonomous thyroid nodules.
It has been demonstrated that endogenous subclinical hyperthyroidism has a signi®cant clinical impact and that it affects cardiac morphology and function (29, 30) . Interestingly, we found a reduction in cardiac parasympathetic control in patients with subclinical hyperthyroidism. The mechanism of the reduction in cardiac vagal control in patients with suppressed TSH values despite FT 3 and FT 4 remaining in the normal range is not clear, but certainly contributes to symptoms.
Conclusions
Our study demonstrates that cardiac parasympathetic withdrawal is clearly evident in patients with overt hyperthyroidism and may also be recognized in patients with subclinical disease. This ®nding has important clinical implications and supports the hypothesis that treatment of patients with subclinical hyperthyroidism may prevent cardiac arrhythmias and improve the quality of life.
